We have presented a series of reports on the cellulase system of Trichoderma viride [2] [3] [4] [5] [6] [7] [8] We are at present focusing our research efforts on the complete elucidation of the mechanism involved in the enzymatic degradation of native cellulose. Recently, we found that the commercial cellulase preparation of Acremonium cellulolyticus possessed extremely potent activity toward native cellulose. Little is known about the cellulase system of this filamentous fungus. This paper describes the purification, physicochemical and enzymic properties of an endo -cellulase from A, cellulolyticus. Materials. Sodium carboxymethylcellulose (CMC), Cellogen WS-C (DS =0.62-0.68), was kindly supplied from Daiichi Industrial Pharmaceutical Co., Ltd., Japan, a microcrystalline cellulose powder (Avicel) was obtained from Asahi Kasei Co., Ltd., Japan, and p-nitrophenyl /9-D-glucoside (PNPG) was a product of Tokyo Kasei Kogyo Co., Ltd., Japan. Dewaxed cotton was a product of Japanese Pharmacopoeial Standard, manufactured by Warabieizai Co., Ltd., Japan, and Whatman No.l filter paper was from Whatman International, Ltd., England. Cellooligosaccharides (G3-G6) were products of Seikagaku Kogyo Co., Ltd., Japan, and cellobiose (G2) was from Sigma Chemical Co., Ltd., USA. Pyroglutamate aminopeptidase from Pyrococcus furiosus was a product of Takara Shuzo Co., Ltd., Japan. QAE-Toyopearl 550C, DEAE-Toyopearl 6505 and Butyl-Toyopearl 650M were the products of Tosoh, Japan, and BioGel P-100 was from Bio-Rad Laboratories, USA. Polyacrylamide slab gel (PAGEL, NPU-12.5 L) was a product of Atto Co., Ltd., Japan. SDS-PAGE molecular mass standards (low range of 14.4 to 97.4 kDa) were products of Bio-Rad Laboratories, USA, and Coomassie Brilliant Blue R-250 was a product of Nakarai Chemical Ltd., Japan. Ampholine PAGplate (pH 3.5-9.5; 245 X 110 X 1 mm) and IEF Calibration Broad pI Kit (pH 3-10) were products of Amersham Pharmacia Biotech, Sweden. All other reagents were of analytical grade.
Enzyme assays. (a) CMC -saccharijication activity. CMC-saccharification activity was used as a standard assay. The reaction mixture for CMC-saccharification assay contained 0.25 mL of 1 % CMC solution, 0.5 mL of 50 mM acetate buffer (pH 5.0), and 0.25 mL of the enzyme solution. The mixture was incubated at 30°C for an appropriate period. Reducing (c) Aryl fi-glucosidase activity. The reaction mixtures, containing 0.05 mL of 13.6 mM PNPG, 0.10 mL of 50 mM acetate buffer (pH 5.0) and 0.05 mL of enzyme solution, was incubated at 30°C for an appropriate period. The reaction was stopped by the addition of 5 mL of 100 mM Na2CO3 to the mixture (0.20 mL), and then the amount of p-nitrophenol liberated was colorimetrically measured by absorbance at 420 nm. One unit (U) of the enzyme activity was defined as the amount of enzyme that produces 1.0 p mot of pnitrophenol under these assay conditions. Measurement of protein and carbohydrate. Protein content was measured by the method of Lowry et a1.11' with crystalline bovine serum albumin as a standard. Absorbance at 280 nm was used for monitoring protein in column effluents. Viscometey.
The changes in viscosity during the enzymatic hydrolysis of CMC were measured at intervals with a Cannon-Fenske viscometer (c = 0.0369). The enzyme activity was expressed in terms of specific fluidity High pressure liquid chromatography (HPLC). Cellooligosaccharides were separated and identifled by HPLC on a Shimadzu LC-10 system with a LC-10AD pump (Shimadzu Corporation), RID-6A refractive index detector (Shimadzu Corporation), and C-R7A integrator (Shimadzu Corporation) under the following conditions: column, Aminex HPX-42A (7.8 X 300 mm, Bio-Rad Laboratories); column temperature, 80°C; mobile phase, deionized water; and flow rate, 0.6 mL/min.
RESULTS
Purification of the enzyme. Unless otherwise stated, all purification procedures for the enzyme were done in a cold room (4 °C).
Commercial cellulase powder (5 g) was mixed with 50 mL of 20 mM acetate buffer (pH 5.5) by carefully stirring overnight at 4°C. The crude enzyme extract was centrifuged at 2000 X g for 20 min at 4°C. The resulting supernatant was used as a starting enzyme material for purification. Fig. 1 . Elution profiles of the crude cellulase preparation on QAE-Toyopearl 550C column chromatography. 0, protein (A280 gym) ; •, CMC-saccharification activity (U/mg protein) ; A, Avicel-saccharification activity (U/mg protein) ; X, /9-glucosidase activity (U/mg protein).
Step 1. QAE -Toyopearl 550C column chromatography. The starting enzyme material was put on a QAE-Toyopearl 550C column (4 X 28.5 cm) pre-equilibrated with 20 mM acetate buffer (pH 5.5). Elution was done stepwise with the same buffer containing 0, 40, 150 and 500 mM NaCI at a flow rate of 3 mL/min. Each 200 mL fraction was collected and assayed for cellulase activity. Four protein peaks (Peaks I-IV) were obtained (Fig. 1) . Three peak fractions (Peaks I, III and IV) showed cellulase activity toward CMC (Fig. 1) . Among them, the peak IV fraction had a potent cellulase activity without 9-glucosidase activity. Therefore, the peak IV fraction (fraction Nos. 39-41) was collected and concentrated to about 15 mL by ultrafiltration with a Diaflo PM 10 membrane (Amicon Corp., USA) and collodion bag (Sartorius GmBH), and dialyzed overnight against 20 mM acetate buffer (pH 5.5).
Step 2. DEAE -Toyopearl 6505 column chromatography.
The dialyzed sample was put on a DEAE-Toyopearl 650S column (4 X 36 cm) preequilibrated with 20 mM acetate buffer (pH 5.5). Elution was done stepwise with the same buffer containing 0, 100 and 150 mM NaCI at a flow rate of 0.2 mL/min. Each 10 mL fraction was collected and assayed for cellulase activity. The active fractions were pooled, concentrated, and dialyzed overnight against 20 mM acetate buffer (pH 4.5) containing 700 mM (NH4)2504.
Step 3. Butyl -Toyopearl 650M column chromatography. The dialyzed sample was put on a Butyl-Toyopearl 650M column (2 X 30 cm) preequilibrated with 20 mM acetate buffer (pH 4.5) containing 700 mM (NH4)2504. Stepwise elution was done with the same buffer containing 700 mM (NH4)2SO4, 20 mM acetate buffer (pH 4.5) and distilled water, respectively. Each 6 mL fraction was collected at a flow rate of 0.5 mL/min and assayed for cellulase activity. The active fraction was eluted only with 20 mM acetate buffer (pH 4.5). Fractions containing cellulase activity were pooled, concentrated and dialyzed overnight against 20 mM acetate buffer (pH 5.5).
Step 4. Bio -Gel P-100 column chromatography. The dialyzed sample was loaded on a Bio-Gel P-100 column (2 X 42 cm) pre-equilibrated with 20 mM acetate buffer (pH 5.5). The enzyme was eluted with the same buffer at a flow rate of 0.1 mL/min. A symmetrical protein peak containing only cellulase activity was obtained (Fig. 2 ). The active fractions were then combined as the purified enzyme. The purified enzyme gave a single protein band on both Native-and SDS-PAGE, and was designated as cellulase IV. Table 1 summarizes the yield and specific activity of cellulase IV during the purification procedure. Cellulase IV had a high level of specific activity, about 106 U/mg of protein in a final yield of about 22%, and was used for the subsequent characterization.
Physicochemical properties of the purified enzyme. The molecular mass of cellulase IV was found to be about 38 kDa by comparison of its relative mobility on SDS-PAGE with those of standard proteins (Fig. 3) . About 1.3% carbohydrate moiety seemed to be associated with the enzyme protein.
The isoelectric point of the enzyme determined by isoelectric focusing was ;S3.4. Concerning the Nterminal amino acid sequence of the purified enzyme, the first amino acid by Edman degradation was not detected, indicating the presence of a modified amino acid residue at the N-terminus. Pyroglutamic acid was strongly suggested as the N-terminus amino acid judging from the result of pyroglutamate aminopeptidase treatment. The Nterminal amino acid sequence from the 2nd up to the 27th residue of cellulase IV was determined to be: Gln-Ala-Ser-(Cys)-Phe-Glu-Trp-Phe-Gly-SerAsn-Glu-Ser-Gly-Ala-Glu-Phe-Gly-Ser-Gly-Asn-I l e-Pro-G l y-V al-G l u-. Effects of pH and temperature on the enzyme activity and stability.
The effects of pH and temperature on the activity of the purified enzyme were studied under standard assay conditions at 30°C for 10 min using 50 mm McIlvaine buffer at pH 2.7-8.2 and at different reaction temperatures for 10 min. Cellulase IV showed a single maximum at pH 4.0 and 60°C.
On the other hand, each solution containing an equal amount of the purified enzyme (0.01 U) was individually adjusted to a pH from 2. The purified enzyme in 50 mM McIlvaine buffer (pH 4.0) was heated at various temperatures for 10 min, then cooled immediately in an ice-bath. The remaining CMC-saccharification activity was then measured with 0.25 mL of each enzyme solution by the standard assay at 30°C for 10 min. The enzyme was completely stable at temperatures below 50°C. The enzyme retained about 25 and 5% of its original activity on heating at 80 and 90°C, respectively. However, cellulase IV was completely inactivated by heating at 100°C under the conditions used.
The effects of pH and temperature on the activity and stability of cellulase IV are shown in Fig.   4A and B.
Effects of various metal ions and several enzyme inhibitors on the activity of the enzyme. The enzyme was incubated with an equal volume of each metal ion or inhibitor solution (10 mM, pH 6.0) at 30°C for 30 min. Then the mixtures were diluted 25-fold with 50 mM McIIvaine buffer (pH 4.0), and the remaining enzyme activity per milliliter of each reaction mixture containing 0.34 U of enzyme was examined by the standard assay at 30°C for 10 min. Inactivation of the enzyme was found to be partial with 5 mM Bat, Cue, Sr2+ and Ag+ being about 10, 15, 20 and 25% inhibition, respectively and with 5 mM NBS being about 15% inhibition. On the other hand, 5 mM Hg2+, Fe3+ or KMnO4 inactivated the enzyme completely. Pb2+, EDTA and the sulfhydryl reagents tested had no inhibitory effect on the activity of the enzyme.
Mode of action of the enzyme toward CMC. The mode of action of cellulase IV toward CMC was analyzed by a viscometer. The reaction mixture was composed of 6 mL of 50 mM acetate buffer (pH 4.0) containing 0.5% CMC and 6 mL of the enzyme solution (0.09 U). The mixture was incubated in a Cannon-Fenske viscometer at 30°C. The decrease in viscosity of the incubation mixture and formation of reducing sugars were measured every 5 min. Then the increases in specific fluidity (l sp.) were plotted against the increases in reducing power. As can be seen in Fig. 5 , a straight line with the slope of an angle of about 45° was obtained for the enzyme. This result indicates that the purified enzyme is a medium endo -type cellulase. The differences in slopes produced by cellulase IV and the crude enzyme suggest that the crude enzyme preparation contains other cellulase components other than the present one. Action of the purified enzyme on cellooligosaccharides and insoluble substrates. The hydrolysis products from cellooligosaccharides by cellulase IV were analyzed by HPLC. Table 2 shows the degree of hydrolysis and product distribution due to the action of cellulase IV at the initial and late stages of incubation. The enzyme hydrolyzed G6, G5 and G4 to give G2 as the major end product. However, G3 was considerably hard to hydrolyze compared to G4-G6. The enzyme did not act entirely on G2.
Avicel, filter paper and dewaxed cotton were used as insoluble substrates.
The reaction mixture contained 40 mg of each substrate and 2 mL of purified enzyme (2.7 U) in 50 mM acetate buffer (pH 4.0). Incubation was done at 40°C for an appropriate period. The reaction was stopped by adding 20 p L of 2 N NaOH solution. Reducing sugars produced were measured as in the case of Avicelsaccharification activity. Glucose formed in the reaction mixture was measured by the method of glucose oxidase.16'"' As shown in Fig. 6 , it is clear that cellulase IV produces a high level of reducing sugars and a small amount of glucose from both Avicel and filter paper. On the other hand, dewaxed cotton was hard to hydrolyze using this enzyme in a shorttime incubation. HPLC analysis indicated that most reducing sugars produced were G2. After prolonged incubation (40°C, 7 days), the enzyme split insoluble substrates tested to give predominant G2 and a small amount of Gl as the final hydrolysis products (data not shown).
DISCUSSION
An endo -cellulase from a commercial cellulase preparation of Acremonium cellulolyticus was extensively purified by consecutive column chromatographies using QAE-Toyopearl SSOC, DEAEToyopearl 650S, Butyl-Toyopearl 650M and BioGel P-100. The purified enzyme (Cellulase IV) was homogeneous on both Native-and SDS-PAGE, and was completely free from j3-glucosidase. Cellulase IV showed a high specific activity
Reducing sugar as glucose (µg l mL ) •, purified enzyme; 0, crude enzyme. for CMC and extremely low specific activity for Avicel, 106 and 0.08 U/mg of protein, at pH 4.0, 30°C for CMC and 40°C for Avicel, respectively. Our purified cellulase is extremely close in many points to FV CM-cellulase from Aspergillus aculeatus 18' which possesses the following properties: molecular mass, 38 kDa; p1, 3.4; optimum pH, 4.0; optimum temperature, 65°C; pH stability, pH 3.5-9.0; and thermal stability, s 50°C. The present enzyme also fairly closely resembles an endo-type cellulase from Aspergillus niger19' which has the characteristic properties of molecular mass, 31 kDa; p1, 3.67; specific activity for CMC, 117 U/mg of protein; optimum pH, 4.0 and pH stability, pH 5.0-8.0. However, the purified cellulase was extremely stable in the alkaline region (Fig. 4  A) The enzyme was incapable of attacking either G2 or PNPG, but hydrolyzed various cellulosic substratres such as cellooligosaccharides (G3 G6), CMC, Avicel, filter paper, and dewaxed cotton to various extents. G3 was only slightly attacked using a fairly large amount of enzyme. G4 was hydrolyzed much more slowly by the enzyme than G5 and G6. As can be seen in Table 2 , cellulase IV split G3 to give G2 and G1. However, the amount of G2 is 6 times higher than that of G1. This strongly suggests that the catalytic reaction is not a simple hydrolysis but a reaction involved in transglycosylation.
In either case, the mode of action of cellulase IV on cellooligosaccharides was extremely similar to that of an endo -cellulase from A. niger.19~ An Endo-cellulase from Acremonium cellulolyticus 
